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Intra-particle diffusionAbstract In this study chelating resins have been considered to be suitable materials for the recov-
ery of Copper (II) ions in water treatments. Furthermore, these modiﬁed resins were reacted with
1,2-diaminoethane in the presence of ultrasonic irradiation for the preparation of a tridimensional
chelating resin on the Nano scale for the recovery of Copper (II) ions from aqueous solutions. This
method which is used for removing and determining Copper (II) ions using copolymers derived
resins of poly (styrene-alternative-maleic anhydride) (SMA) and atomic absorption spectroscopy.
The method is simple, sensitive, inexpensive and fast. The various parameters such as pH, contact
time, concentrations of metal ions, mass of resin, and agitation speed were investigated on adsorp-
tion effect. The adsorption behavior of Copper (II) ions were investigated by the synthesis of chelat-
ing resins at various pHs. The prepared resins showed a good tendency for removing the selected
metal ions from aqueous solution, even at an acidic pH. Also, the prepared resins were examined
for the removal of Copper (II) ions from real samples such as industrial wastewater and were shown
to be very efﬁcient at adsorption in the cases of Copper (II) ions. The pseudo-ﬁrst-order, pseudo-
second-order, and intra-particle diffusion kinetics equations were used for modeling of adsorption
data and it was shown that pseudo-second-order kinetic equation could best describe the adsorption
kinetics. The intra-particle diffusion study revealed that external diffusion might be involved in this
case. The resins were characterized by Fourier transform infrared spectroscopy, scanning electron
microscopy, and X-ray diffraction analysis.
 2016 Egyptian Petroleum Research Institute. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Water is one of the most insistent requirements for living on
the earth. All plants and animals must have water to live. It
is also fundamental for the human stirs. Water impurity is
increasing globally because of the sudden growth of industry,ydride),
2 N. Samadi et al.increase human sully, and domestic and agricultural stirs.
Water pollution containing heavy metal ions such as chro-
mium, cadmium, copper, lead, nickel, mercury and zinc from
industrial and domestic wastes is becoming one of the most
serious environmental problems worldwide [1]. Because of
the low concentration of heavy metals in various resources it
can be more harmful to the environment and adversely affect-
ing the human health. The remedy of heavy metals is so signif-
icant because of the continuance in the environment. The
prevalent technologies for the elimination of heavy metal ions
from aqueous solution include ion exchange, chemical precip-
itation, electrochemical treatment, reverse osmosis and adsorp-
tion. Among the different treatments described above,
adsorption technology is commonly considered to be a simple
performance, relatively of low cost and an effective method [2].
The general adsorbents include activated carbons, zeolite,
clays, and biomass and metal oxides. The quick determination
of minute quantities of Copper (II) ion species by simple meth-
ods is of great importance in analytical chemistry. The stable
soluble form of copper, namely Cu (II) is toxic at elevated con-
centrations. Its reactivity and biological uptake are largely
inﬂuenced by the free ion concentration that is controlled by
the extent of copper complexation with ligands of many ana-
lytical methods accessible for the measuring of copper. Much
of the copper that enters environmental waters will be accom-
plice with particulate matter. Copper is a natural maker of soil
and will be transported into streams and waterways in runoff
either due to natural weathering or anthropogenic soil distur-
bances. Sixty-eight percent of extricates of copper to the water
is computed to emanate from these processes. Copper sulfate
use exhibits 13% of extricates to water and urban rubbish con-
sorts 2% [3]. In the absence of speciﬁc industrial sources, rub-
bish is the major factor contributing to increased copper levels
in river water [4]. Because elimination efﬁciencies for copper
from waste streams tend to remain constant rather than pro-
portional to inﬂuence copper concentrations, it increases in
copper concentrations in (Publicly Owned Treatment Works)
POTWs inﬂuent streams will also outcome in increased copper
concentrations in the efﬂuent streams [5–7]. The copper in
tame wastewater has been found to make up an innate fraction
of the copper found in POTW inﬂuent in the wastewater sys-
tems of four Massachusetts municipalities. The range of elim-
ination efﬁciencies reported for experimental and full scale
plants proposes that elimination depends strongly on plant
operation or inﬂuent characteristics. A source of copper
released into waterways is from urban storm water runoff.
Copper in storm water runoff originates from the sidings
and roofs of buildings, various emissions from automobiles,
and wet and dry deposition processes [8–11]. Concentrations
of between 1 and 100 lg/L of copper in storm water runoff
have been measured [12–14]. Strom-water rubbish normally
contributes approximately 2% of the total copper escaped into
waterways. In against, copper in rubbish that is gotten from
the natural weathering of soil or is an escape from disturbed
soils contributes to 68% of the copper escaped into waterways
[15]. The best data on typical POTWs using secondary remedy
show that 55–90% of copper is removed in these plants with a
median and mean elimination efﬁciency of 82% [16]. By con-
trast, those plants using only primary remedy had 37% median
elimination efﬁciency. A more recent study focused on the
heavy metal elimination in three POTWs that arrived primarily
as municipal sewage and used activated slough as a secondaryPlease cite this article in press as: N. Samadi et al., Removal of Copper ions from aqu
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mary and secondary remedy stages. The mean eliminations
of soluble copper and total copper after secondary remedy
was 49–82% and 83–90%, respectively. The average copper
concentration in the ﬁnal efﬂuent was 17–102 ppb, which
would value to an output of between 0.58 and 3.47 kg of cop-
per into arriving waters per day, based on an efﬂuent volume
of 34,000 cubic meters (9 million gallons) per day [17]. Over-
ﬂow outfalls within combined sewer systems (e.g., a combina-
tion of native and industrial wastewater plus storm water) are
the primary sources of copper pollutants entering entrances
and other coastal areas of the United States ([18]. For example,
Crawford et al. (1995) compiled a summary of the sources of
different metals and other pollutions in the Newark Bay estu-
ary. The mass loadings of copper into the estuary as a function
of source are (in kg/day): municipal treatment systems, 103.4;
industrial direct discharge, 8.82; combined sewer overﬂows,
48.0; storm-water runoff, 62.2; tributary ﬂow, 39.1 and dis-
charges from the Passaic Valley Commission and Middlesex
County Sewerage Authority, 126.5. Discharges to water from
active mining and milling are small and most of the western
operations do not release any water because water is a scarce
resource and is recycled [19]. Discharges from electroplating
operations are either made directly to the water environment
or indirectly via POTWs. Runoff from abandoned mines is
computed to contribute 314 metric tons annually to surface
water [20]. These discharges are primarily irresolvable silicates
and sulﬁdes and readily Denizen out into a stream, river, or
lake beds. Escapes from manufacturing products containing
copper may be congenital, but are difﬁcult to predict. Corro-
sion of copper in plumbing or structure may result in direct
discharges or rubbish into waterways. Copper and brass pro-
duction escapes relatively little copper in water. Wastewater
produced from copper mining functions comes from transfu-
sion, rubbish from tailing piles, or utility water used for the
main function. The value of wastewater produced ranges from
0 to 300 L water/metric ton of ore mined for open pit copper
mines and 8–4000 L water/metric ton of ore mined under-
ground (EPA 1980b). Copper concentrations in wastewater
from a selected open pit and underground copper mine were
1.05 and 0.87 ppm, respectively. Data regarding copper con-
centrations in wastewater associated with selected concentrat-
ing, smelting, and reﬁning functions can be found in EPA
(1980b). Drainage from mining functions and abandoned
mines has been shown to have an effect on the copper content
in local surface waters with concentrations as high as
69,000 ppb being determined [21]. Outcomes of an EPA indus-
trial efﬂuent survey show that mean and maximum levels of
copper in remedied wastewater from six industries exceeded
1 and 10 ppm, respectively (EPA 1981). These industries and
their mean and maximum discharges in ppm are: inorganic
chemical manufacturing (<1.6, 18); aluminum forming
(<160, 2200); porcelain mucilage (1.3, 8.8); glue and wood
chemicals (1.4, 3.0); nonferrous metals manufacturing (1.4,
27.0) and paint and marrow formulation (<l.0, 60.0). Emis-
sion factors in Nano grams of copper escaped per L of water
outﬂow have been computed for different industries. Efﬂuents
from power plants that use copper alloys in the heat exchang-
ers of their cooling systems discharge copper into arriving
waters [21]. During the normal action at two nuclear power
stations 6.5  106 cubic meters (1700 million gallons) of seawa-
ter per day are applied as cooling water for these facilities andeous solutions using polymer derivations of poly (styrene-alt-maleic anhydride),
Removal of Copper ions from aqueous solutions 3discharged into the ocean with copper levels in the efﬂuent
ranging between 0.6 and 3.3 ppb [22]. The reduction in dis-
solved copper during this period was accompanied by an
increase in particulate copper (e.g., sorption to algae or other
organic matter, which Denizens into the sinks of these bodies
of water). The copper in the Denizen particulates is in equilib-
rium with the water column, which greatly favors copper in a
bound state [23,24]. A potential source of copper escape into
waterways is leachate from municipal landﬁlls. Copper con-
centrations in leachate gotten from waste sites have been found
to vary widely. For example, copper concentrations in leachate
from municipal landﬁlls have been found to range from 0.005
to 1110 ppm [25–26]. Copper can enter surface waters as an
outcome of agricultural rubbish. Copper was detected in
groundwater and surface water at 558 and 308 of the 906
NPL dangerous waste sites, respectively, where copper has
been found in environmental media [27]. Copper was found
at concentrations ranging from 0.006 to 5.6 ppm (mediann
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0.00025–590 ppm (median concentration of 0.0282 ppm) in
off-site surface water [28]. When medical science comes to
understand the implications of a copper imbalance, it may
be referred to as the scourge of the late 20th century. It is
one of the most commonly encountered imbalances that we
ﬁnd on the tissue mineral experiment today. Many of the most
prevalent metabolic dysfunctions of our time are related in
some way to a copper imbalance. Copper toxicity is a much
overlooked contributor to many health problems; including
anorexia, fatigue, premenstrual syndrome, depression, anxiety,
migraine headaches, allergies, childhood hyperactivity and
learning disorders. The involvement of copper toxicity and
bio inaccessibility in such a wide range of health conditions
may seem unusual. It is our aim in this paper to show how cop-
per is adjusted in the water and why it is such a key mineral in
so many metabolic dysfunctions. Copper tea kettles and other
copper cookware can be a source of copper toxicity if usedO
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4 N. Samadi et al.frequently over a period of time. Some areas of the world have
high values of naturally happening copper in their water pro-
duction. Also, copper sulfate is added to some municipal
drinking water supplies to kill yeast and fungi. One of the side
effects of the pill is that it tends to increase copper levels in the
body. This is due to the close association between the hormone
estrogen and copper levels. Around the synthetic polymers
(styrene-alt-maleic anhydride) copolymer (SMA) is the com-
mercial, industrial copolymer which is cheaper than any other
polymers possessing reactive group in the main chain or side
chain for further functionalization. The SMA copolymer is a
biocompatible compound which has been used in drug delivery
and controlled release systems. It can be used in numerous
applications, but its use in bio-applications is proportional to
its purity [29,30]. The SMA copolymer can be a suitable com-
pound for environmental applications. In recent years, various
studies have been undertaken about metal ion adsorption with
the SMA copolymer derivatives, so, any kind of the cross
linked copolymers (SMA derivatives) can be used in the clean
technology methods for the removal of toxic metal ions. In this
study, the usage of CSMA-M, CSMA-MO and CSMA-MB
resins were demonstrated as an adsorbent for the removal of
Cu (II) ions from aqueous solutions to investigate the equilib-
rium and kinetic parameters of the resin using the batch equi-
libration technique [31]. To determine the performance of the
CSMA-M, CSMA-MO and CSMA-MB, they are important
to get an accurate equilibrium relationship between the
solid- and liquid phase concentrations of toxic metal ions. In
this study, it is essentially required to test the equilibrium dataPlease cite this article in press as: N. Samadi et al., Removal of Copper ions from aqu
Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.05.010obtained for removal of some toxic metal ions such as Cu (II)
using CSMA-M, CSMA-MO and CSMA-MB resins for the
adsorption studies, the kinetics investigations are important
too, because they can predict the rate at which a toxic metal
ion is removed from aqueous solutions and provide valuable
data for understanding the mechanism of adsorption reactions
[32]. The reaction and structure resins are shown in Scheme 1.2. Experimental
2.1. Measurements and chemicals
Atomic absorption spectrophotometer (AAS) (analytic jena-
nov AA 400) ﬁtted with copper, hollow cathode lamps were
used for determination of the Copper (II) ion concentration.
The IR (200–4000 cm1) spectra were recorded on a Perkin
Elmer (Lambda 25, Shelton, CT, USA) and a Perkin Mattson
5000 FTIR spectrophotometers, respectively, for the pH mea-
surements, a digital pH meter (Met Rohm 827 pH lab) was
used. The pH value of each metal ion solution was adjusted
with 0.1 N HCl or NaOH solution purchased from Merck
(Germany). The systems were shaken by horizontal bench sha-
ker (Heidolph PROMAX 2020). The CSMA-M, CSMA-MO
and CSMA-MB resins were prepared in the polymer Lab of
our department. The XRD spectra were recorded on an Expert
Philips X-ray photoelectron spectrometer using non mono
chromate Mg Ka radiation as the excitation source (The
Netherlands). Stock solutions of Cu (II) were prepared by dis-eous solutions using polymer derivations of poly (styrene-alt-maleic anhydride),
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Removal of Copper ions from aqueous solutions 5solution of reagent-grade CuSO45H2O (Merck) in deionized
water, respectively. Analytical-reagent grade and other inor-
ganic chemicals, including HCl and NaOH, were purchased
from Merck (Germany) and were used without further puriﬁ-
cation. Melamine, thiopropanedioic acid, propanedioic acid,Please cite this article in press as: N. Samadi et al., Removal of Copper ions from aqu
Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.05.010styrene, maleic anhydride and the organic solvents and other
necessary materials, such as 1,2-di amino ethane, triethylamine
(TEA), tetrahydrofuran (THF) and normal hexane, oxalic
acid, butanedioic acid, melamine etc, were also purchased from
Merck and were used without further puriﬁcation.eous solutions using polymer derivations of poly (styrene-alt-maleic anhydride),
6 N. Samadi et al.2.2. Synthesis of the grafted SMA copolymer by melamine
The SMA copolymer was prepared by free-radical polymeriza-
tion of styrene and maleic anhydride at equal molar ratio in
THF as solvent and benzoyl peroxide as initiator. The reaction
is facile, and the copolymer is readily recovered. Fig. 1 shows
the FT-IR spectrum of SMA copolymer. In this spectrum, the
characteristics of anhydride bonds in 1735, 1784, and 1856
cm1 are illustrated. For the synthesis of the grafted SMA
copolymer, 1.5 g (0.0075 mol) of SMA copolymer and
0.7875 g (0.00375 mol) of melamine at a ratio of 1: 0.5 were
poured into a ﬂask. Then, 0.25 mL (0.002 mol) of triethy-
lamine (TEA) as a catalyst and 50 mL of THF as a solvent
were charged in a three necked, round-bottom ﬂask equipped
with a condenser, magnetic stirring bar, inlet and outlet for
inert gas, and ultrasonic irradiation probe. The reaction mix-
ture was reﬂuxed under these conditions for 6 h at 95 C.
The precipitations were completed by the addition of n-
hexane as a non solvent and were separated by ﬁltration and
washed by n-hexane several times. The product was dried in
a vacuum oven for 16 h at 65 C (yield = 98%). And this pro-
cedure was repeated for obtaining modiﬁed melamine with
butanedioic acid and propanedioic acid. The synthesis process
of the chelating resins is shown in Scheme 1.
2.3. Synthesis of the grafted SMA copolymer by modifying
melamine with oxalic acid and butanedioic acid
For the synthesis of the grafted SMA copolymer by modiﬁed
melamine 0.2 g of melamine was solved in pH = 4.34 of
15 mL cold water that with adding 0.1 M of HCl adjusted
pH in pH= 4.34. Because melamine dissolved on pH= 4.34Figure 1 FTIR spectrum
Please cite this article in press as: N. Samadi et al., Removal of Copper ions from aqu
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was dissolved in 15 mL of THF. Then the dissolved melamine
was added slowly to ﬂask that contains butanedioic acid, that
was clear at ﬁrst and then it was formed turbid, and produced
mixture along with vigorous magnetic stirring [33]. The
obtained product was ﬁltered and the obtained under ﬁlter
solution was concentrated by heater for vaporing THF and
receiving two half of the initial volume. It was put in the refrig-
erator and crystal was formed (Fig. 3) as shown by the FT-IR
spectra and this procedure was repeated for obtaining modiﬁed
melamine with Oxalic acid.
2.4. Preparation of CSMA-M, CSMA-MO, and CSMA-MB
The cross linked melamine functionalized SMA copolymer
(CSMA-M) was prepared by the simultaneous reaction of
the SMA copolymer with melamine and modiﬁed melamine
with 1,3-di amino ethane as a cross linking agent. The reaction
mixture was reﬂuxed for 3 h under inert gas in the presence of
ultrasonic irradiation along with vigorous stirring in THF. It
can be said that the preparation of cross linked resin in the
presence of ultrasonic irradiations along with vigorous mag-
netic stirring give rise to polymeric particles in Nano scale.
The obtained product was ﬁltered, washed thoroughly with
THF, and dried by vacuum oven at 65 C for 16 h this proce-
dure was repeated for obtaining CSMA-MO and CSMA-MB.
2.5. Adsorption studies
Batch adsorption tests were enforced by mixing the CSMA-M
(50 mg) and 50 mL of toxic metal ion solution (50 ppm) in a
100 mL beaker. The residual amount of copper (II) ions inﬁl-of the SMA copolymer.
eous solutions using polymer derivations of poly (styrene-alt-maleic anhydride),
Table 1 Analysis of Copper in some real samples using AAS.
Sample Determined by AAS (mg L1)
Milk powder 3.8 ± 0.14
Honey 8.2 ± 0.52
Drinking water 1.7 ± 0.14
River water 17.2 ± 0.18
Sea water 25.6 ± 0.15
Brass sample 4.6 ± 0.02
Tea leaves 56 ± 0.04
Wastewater (Urmia) 87.7 ± 0.12
Wastewater (Shiraz) 97.64 ± 0.14
Removal of Copper ions from aqueous solutions 7trated solutions were determined by AAS. In this study, all the
tests were enforced at room temperature (25 ± 1) C. The got-
ten data were used to calculate the elimination percentage of
toxic metal ions that applied the following mass balance rela-
tionship (Eq. (1)
%toxic metal ions removal ¼ Co  Ce
Co
 
 100 ð1Þ
where Co and Ce are the ﬁrst and equilibrium concentration
(ppm) of the toxic metal ion solution, respectively.
2.6. Effect of pH on adsorption
The effect of pH was interrogated on the adsorption of toxic
metal ions by the (CSMA-M and CSMA-MO and CSMA-
MB) resins. For this purpose, several Copper (II) ion solutions
(50 mL, 50 ppm) were adjusted using 0.1 N HCl or NaOH
solutions at different pHs between 2 and 8. Then the measured
amounts of CSMA-M and CSMA-MO and CSMA-MB resins
were introduced to each sample and agitated in a horizontal
bench shaker for 120 min. The mixture was ﬁltered through
Whatman [34] ﬁlter paper and the ﬁltrate was analyzed by
AAS. Each procedure was repeated six times and the gotten
outcome was their average content (Table 3).Table 3 Adsorption percentage for Copper (II) ions at
various pH’s (2, 4, 6 and 8).
Resin pH Adsorption percentage (%)
2 4 6 8
CSMA-M 24.84 44.92 97.6 89.32
CSMA-MO 1.49 58.42 100 100
CSMA-MB 1.2 68.44 92.42 97.4
Table 2 Adsorption capacity for Copper (II) ions at various
pH’s (2, 4, 6, and 8).
Resin pH Adsorption
2 4 6 8
CSMA-M 0.187 0.574 0.782 0.865
CSMA-MO 0.028 0.594 0.811 0.811
CSMA-MB 0.029 0.624 0.742 0.874
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The effect of contact time was interrogated with batch adsorp-
tion tests from 60 to 1080 min for Copper (II) ion concentra-
tion of 50 mg/L in 50 mL solution with the (CSMA-M and
CSMA-MO and CSMA-MB) resins (50 mg) at pH = 6. The
samples were deleted at time respite for the analysis of remain-
der metal ion concentration in the aqueous solutions.
2.8. Effect of adsorbent dosage
Batch adsorption tests were administered at various weights of
(CSMA-M and CSMA-MO and CSMA-MB) resins (0.01–
0.1 g) for uptake of Copper (II) ions from aqueous solutions
(50 mL, 50 mg/L) at pH = 6, for 120 min. The samples were
ﬁltered and the ﬁltrates were analyzed by AAS.
2.9. Effect of metal ion concentration
The effect of metal ion concentration was interrogated on the
adsorption behavior of (CSMA-M and CSMA-MO and
CSMA-MB) resins. For this purpose, each resin (50 mg) was
laved in Copper (II) ion solution at different concentration
(50 mL, 10–400 ppm) at pH = 6. The contents of the beakers
were equilibrated on the shaker for 120 min. After adsorption
of copper (II) ions on the copolymers samples were ﬁltered and
the residual amounts of copper (II) ions inﬁltrated solutions
were determined by AAS.
2.10. Effect of excited rate
To interrogate the effect of excited rate on adsorption of Cop-
per (II) ions, excited rate was altered from 100 to 300 rpm. The
appropriate amount of the resin (50 mg) was added to various
beakers containing 50 mL of Copper (II) ions (50 mg/L,
pH = 6) and excited in a shaker for 2 h at room temperature
of 25 C. The volume of each solution was then ﬁltered and
analyzed by AAS after the excited time.
2.11. Desorption and repeated use
Desorption of metal ions was administered by 0.5 M HCl solu-
tion. The CSMA-M–metal ions, CSMA-M–metal ion, CSMA-
M–Copper (II) ion, complexes were immersed in 0.2 M HCl
solution and the mixture was shaken until equilibrium was
reached (60 min). Then the mixture was ﬁltrated and the ﬁnal
concentrations of metal ion in the aqueous solution were mea-
sured by AAs. The desorption ratio (D %) of Copper ions
from the (CSMA-M and CSMA-MO and CSMA-MB) resins
were computed by the following equation (Eq. (2)):
D% ¼ VdCd
VðCo  CeÞ  100 ð2Þ
where V is the volume of the solution (L); Cd is the concentra-
tion of the Copper (II) ions in the desorption solutions (mg/L);
and Vd is the volume of the desorption solution (L). The
assembled (CSMA-M and CSMA-MO and CSMA-MB) resins
from the desorption process was washed thoroughly with
deionized water and dried by vacuum pump at 65 C for
repeated use.eous solutions using polymer derivations of poly (styrene-alt-maleic anhydride),
Table 7 Percentage of desorption for Copper (II) ions.
Resin Percentage of desorption (Cu2+)
CSMA-M 96.60
CSMA-MO 94.80
CSMA-MB 95.90
Table 5 kd Values of the cross linked copolymers for Copper-
ion adsorption at pH= 6 (optimized condition) in wastewater.
Resin kd Cu
2+ (mL/g)
CSMA-M 4.21  105
CSMA-MO 4.40  105
CSMA-MB 4.44  105
Table 4 kd Values of the cross linked copolymers for Copper-
ion adsorption.
Resin pH kd Cu
2+ (mL/g)
2 4 6 8
CSMA-M 210 320 30,100 41,000
CSMA-MO 14 31 36,000 51,000
SMAC-MB 13.3 11 41,000 54,000
8 N. Samadi et al.2.12. Analysis of copper real samples using AAS
2.12.1. Determination of Copper (II) ions in tea leaves
The dry tea leaves were ground and the obtained powder was
poured into a ﬂask so, were added HNO3 (6 M) and H2O2
(2 M) for producing Copper (II) ions and mixed with a mag-
netic stirrer at 25 C for 2 h. Then the mixture was ﬁltered
using ﬁltrated solution for measuring concentration of
copper-ion was determined by AAS (see Table 1). This test
was repeated for other samples.2.12.1.1. Determination of the adsorption capacity for Copper
(II) Ions. Dynamic adsorption experiments were performed by
the mixture of 50 mg of chelating resin with 50 mL of the
metal-ion solution (50 ppm) in a ﬂask with a magnetic stirrer
at 25 C for 14 h. The pH values of the solutions were adjusted
to 2, 4, 6 and 8 by the addition of aqueous hydrochloric acid or
sodium hydroxide solution. When the adsorption experiment
was complete, the mixture was ﬁltered, and the residual
Cu2+-ion concentration was determined by AAS. The adsorp-
tion capacities (q’s; mmol Cu2+/g resin) under various condi-
tions were calculated as follows (Eq. (3)):
q ¼ ðCo  CfÞV
m
ð3Þ
where Co and Cf are the initial and ﬁnal concentrations
(mmol/L) of metal ions in the aqueous solution, respectively;
V is the volume of the metal-ion solution (0.05 L); and m is
the weight of the resin (0.05 g). The competitive adsorptions
for mixtures of CU2+ ions in the real sample under equalTable 6 Polymer synthesized for index swelling.
Resin Time (h)
0.5 1 2 4 6
CSMA-M 0.08 0.116 0.158 0.194 0.248
CSMA-MO 0.028 0.044 0.056 0.072 0.088
CSMA-MB 0.031 0.055 0.099 0.111 0.121
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the previous procedures (Table 2).
2.12.1.2. Desorption of Copper ions in acidic media. For the des-
orption of metal ions, aqueous 0.2 M HCl was used. The resin–
Copper (II)-ion complexes in which adsorption was carried out
at pH= 6 were immersed in the 0.5 M HCl solution with a
magnetic stirrer at 25 C for 1 h. After ﬁltration, the ﬁnal Cop-
per (II) – ion concentration in the solution were estimated by
AAS (Table 7). The desorption ratio (D %) was calculated
as follows:
D% ¼Millimoles of CuðIIÞions desorbed to the HCl solution
Millimoles of CuðIIÞions adsorbed onto resin
 100
ð4Þ2.12.1.3. Swelling index. A known weight (0.5 g) of fully dried
SMA–M, SMA–MO or SMA–MB was immersed in water.
After a deﬁnite period of time, the polymer was ﬁltered and
blotted dry. The swollen polymer was weighed. The swelling
index was determined by the ratio of the weight of the swollen
polymer to the initial weight of the resin (Table 6) [35].
3. Results and discussion
The SMA–M, SMA–MO and SMA–MB copolymers were syn-
thesized and characterized by the method mentioned in refer-
ences [36–38]. Fig. 2 shows the FTIR spectrum of the SMA
copolymer. In this spectrum, the characteristic of anhydride
bonds at 1735, 1784, and 1856 cm1 is shown. The intrinsic vis-
cosity of the resulting SMA copolymer was measured with an
Ostwald viscometer at 25 C in THF solvent, and it was deter-
mined to be 0.32 dL/g. The SMA–M, SMA–MO and SMA–
MB were prepared with the mediation of anhydride moieties
of the SMA copolymer. The amine group of Melamine reacted
with maleic anhydride repeating groups in the SMA copolymer
backbone to form an alkylamide linkage and a carboxylic acid
group. Amide bonds are signiﬁcantly resistant to hydrolysis, so
the resulting copolymer was stable in acidic and basic media.
To prepare the tridimensional SMA–MO and SMA–MB
copolymers, the reaction was carried out with a step-by-step8 10 12 24 48 72
0.258 0.285 0.310 0.345 0.345 0.345
0.112 0.160 0.181 0.192 0.192 0.193
0.141 0.191 0.214 0.224 0.224 0.225
eous solutions using polymer derivations of poly (styrene-alt-maleic anhydride),
Figure 2 FTIR spectrum of the Melamine modiﬁed with butanedioic acid.
CSMA-MB CSMA-MO CSMA-M600
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100
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Figure 3 X-ray diffraction patterns of the copolymer and polymeric adsorbent.
Removal of Copper ions from aqueous solutions 9reaction of the SMA copolymer with Melamine and modiﬁed
Melamine with Oxalic acid and butanedioic acid as a grafting
agent and 1,2-diaminoethane as a crosslinking agent. Figs. 2
and 4 displays the FTIR spectra of the SMA–M, SMA–MO,
and SMA–MB copolymers. The comparison of the SMA–M
spectrum with the SMA spectrum showed that the intensity
of anhydride peaks decreased, and the formation of amide
groups took place at about 1676 cm1. In the case of the
SMA–MO and SMA–MB copolymers, the FTIR spectra
revealed that the grafting reaction was efﬁcient and the anhy-
dride peaks disappeared, and instead, the spectrum showed the
characteristics of the absorption peaks of the carbonyl of
amide at a lower frequency of about 1632 cm1 and the car-
bonyl of carboxylate anion at about 1560 cm1. The entirePlease cite this article in press as: N. Samadi et al., Removal of Copper ions from aqu
Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.05.010pendant carboxylic acids of the resins were converted to free
carboxylate ions because of the existence of amino pyridine
groups in the neighborhoods [37,38]. It is known that metal
complexation to a certain polymeric ligand causes changes in
the absorption spectra of the starting polymer [39]. FTIR spec-
troscopy has been used for the characterization of polymer–Cu
(II) complexes because the frequency at which a characteristic
group of the polymer absorbs is modiﬁed by Cu (II)-ion com-
plexation, the shift or absence of a certain band present in the
starting ligand, and the presence of new bands. Therefore, the
ﬁrst information about the structural changes caused by the
complexation of the obtained chelated resin with Cu2+ was
provided by the FTIR spectra. The shift of infrared absorption
bands for the free carbonyl bond (C‚O) of the carboxylateeous solutions using polymer derivations of poly (styrene-alt-maleic anhydride),
Figure 4 FTIR spectra of CSMA-M, CSMA-MO and CSMA-MB resins before and after complexation with Copper (II) ions.
10 N. Samadi et al.groups illustrated whether the bonding between the ligand and
each metal ion in the solid phase was covalent or ionic [40–44].
The more covalent it was, the higher the frequency shift was
for the free carbonyl bond absorption. (Fig. 4) represents the
FTIR spectra of the Cu2+ ions adsorbed in the resins. In this
study, the absorption band for C‚O in the chelating group
shifted to higher frequencies with the increasing covalent nat-
ure of the carbonyl band in the results of complexation with
ionic copper and appeared about 1690–1721 cm1. The bands
at 1632, 1560, 1454, and 1242 cm1 shifted to a lower fre-
quency; this indicated that the metal coordination through
the chelating ligands was done in the copolymer network.
Also, the absorption bands characteristic of the aromatic parts
of the matrix (1032, 914, 767, and 703 cm1) were not inﬂu-
enced by the metal complexation. The SMA copolymer was
functionalized by melamine and cross-linked by 1,2-
diaminoethane. The morphology and average diameter of
copolymer network were shown at previous work by SEM
image in two scales 1 lm and 500 nm. It was found that the
SEMmicrographs of cross-linked copolymer in which particles
possess almost uniform distribution of size. The average diam-
eter of the observed particles in SEM images can be estimated
under 100 nm with reasonable uniformity and grainy shape.
This result indicates that there might be a different particle size
in these copolymer powders, although more of the grain size
could be in nanometer-scale resolution of the SEM. The
XRD patterns of the synthesized copolymers are depicted in
Fig. 3. The diffraction patterns showed that the copolymers
were amorphous. Indeed, there was only a broad diffraction
humping at about 2h= 20 this indicated the amorphous nat-
ure of the copolymers. So, the presence of the grafting and
crosslinking agent in the copolymer backbone did not affectPlease cite this article in press as: N. Samadi et al., Removal of Copper ions from aqu
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tion patterns of the synthesized copolymers are depicted in
Fig. 3. The diffraction patterns show that the copolymers were
amorphous. Indeed, there is only a broad diffraction hump at
about 2h= 20 indicating the amorphous nature of the
copolymers. Hence, the presence of the grafting and crosslink-
ing agent in the copolymer backbone has no effect on the
amorphous structure of the copolymer. For further investiga-
tion, we used SEM to look for morphology and obtain the
average diameter of the copolymers. Fig. 4 shows the SEM
micrographs of typical CSMA-M, CSMA-MO, and CSMA-
MB in which particles possess almost uniform distribution of
size. The Average diameter of the observed particles in SEM
images can be estimated under 100 nm with reasonable unifor-
mity and grainy shape. This result indicates that there might be
a different particle size in these copolymer powders, although
more of the grain size could be in nanometer-scale resolution
of the SEM.
3.1. Sorption of Copper (II) Ions as a function of pH
The sorption behavior of any metals on the resins at different
pH values was examined with a batch equilibration technique,
and the results are summarized in Table 2. The pH of the metal
test solution was measured during the sorption process. After
equilibration with the resin, a decrease in the pH of the solu-
tion was observed. This was attributed to the release of pro-
tons from the resin. In general, the adsorption of metal ions
increased with increasing pH and reached a limiting value in
each instance, which was followed by a decrease in adsorption
beyond the limiting value. It is well known that the adsorption
of heavy-metal ions by resins depends on the pH; this affectseous solutions using polymer derivations of poly (styrene-alt-maleic anhydride),
Removal of Copper ions from aqueous solutions 11the chelation extremely as well as the physisorption process.
Thus, the effect of pH on the adsorption capacities needed
to be further investigated. The SMA–M, SMA–MO and
SMA–MB resins were dissolved completely in water at
pH = 8 because of its non cross linked nature, and its
hydrophilicity was increased because of the deprotonation of
its functional group. The effect of crosslinking on the sorption
revealed that the sorption capacity increased in the cross linked
samples by 1,2-diaminoethane compared to that in the non
cross linked sample. Fig. 5 shows the metal binding onto the
chelating resin. There was an abrupt increase in metal adsorp-
tion when the pH was raised from 2 to 8 [45]. The adsorption
of the Copper (II) ions on the resin was more favorable at a pH
value of 9. At low pH values, a high concentration of H could
react with carboxylate ions (COO) and amine groups to form
protonation. In other words, H could compete with Copper
ions for adsorption sites and reduce the Copper (II) ion
adsorption capacity [46–51]. At the alkaline pH value, the car-
boxylate functional groups of the resin and the nitrogen of
Melamine in the side chain of the resin formed a completely
deprotonated form, so the copper uptake was intense. Table 3
implies that Copper (II) ion copolymers were low at the initial
pH values of 2–3. The Copper (II) ion content in the Copoly-
mer samples ranged from 19% to 39%. The low Copper (II)
ion copolymers (up to 39%) below pH value 3 can be
explained by the prevailing presence of H3O
+ ions that suc-
cessfully occupy the majority of the binding sites after the com-
petitive ﬁght for active sites with metal ions. As a result, the
Copper (II) ions have the worse binding capacity onto copoly-
mers than H3O
+ ions and copolymer adsorption capacity is
reduced. Efﬁciency of removed lead occurred from pH 3 and
above, which was probably caused by the falling concentrationFigure 5 SEM images of the chelating resins (A) SMA–MO (scal
(scale = 500 nm) and (D) SMA–M (scale = 1 lm).
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+ and the reactive sites could be occupied with Copper
(II) ions. This action is directly proportional up to the speciﬁc
pH value that is individual for each Copper (II) ions and each
environment, and during which Copper (II) ions adsorption is
maximized.
3.2. Desorption of Copper ions from the chelating resin
The desorption of the adsorbed Copper ions from the chelat-
ing resins was also studied in a batch experimental setup.
The chelating resin beads loaded to maximum amounts of
the respective Copper ions at pH = 6 were placed within the
desorption medium containing 0.5 M HCl, and the amount
of metal ions dissolved in 1 h was measured. The results in
Table 8 show that for all of the Copper ions, the recorded des-
orption ratios were up to 97%.
3.3. Determination of the equilibrium distribution coefficient
(kd)
kd was determined according to Eq. (5):
kd ¼ Amount of CuðIIÞions on the absorbent
Amount of CuðIIÞions in the solution 
V
m
ð5Þ
where m is the weight of adsorbent (g). The kd value can be
used as a valuable tool to study metal-cation mobility. High
values of kd indicate that the metal has been retained by the
solid phase, whereas low values of kd indicate that a large frac-
tion of the metal remains in solution. kd was calculated with
the previous equation [33]. Tables 4 and 5 show the kd values
for the adsorption of single Copper ions and the adsorption ofe = 500 nm), (B) SMA–MB (scale = 1 lm), and (C) SMA–MB
eous solutions using polymer derivations of poly (styrene-alt-maleic anhydride),
Table 8 Kinetic parameters for Copper (II) ions using CSMA-
M, CSMA-MO and CSMA-MB as adsorbent (pH = 6, con-
centration of Cu (II) ions = 50 mg/L, resin dose = 5 g/L).
Kinetic models Parameters Cu (II) by
AAS
Pseudo-ﬁrst order
model
qe,exp (mg/g) 19.98
qe,cal (mg/g) 2.18
CSMA-M k1 (1/min) 0.032
R2 0.927
S.D. (%) 24.71
Pseudo-ﬁrst order
model
qe,exp (mg/g) 19.97
CSMA-MO qe,cal (mg/g) 2.17
k1 (1/min) 0.031
R2 0.9375
S.D. (%) 23. 51
Pseudo-ﬁrst order
model
qe,exp (mg/g) 19.95
qe,cal (mg/g) 2.17
CSMA-MB k1 (1/min) 0.0318
R2 0.9374
S.D. (%) 21.62
Pseudo-second order
model
CSMA-M qe,exp (mg/g) 19.98
qe,cal (mg/g) 19.96
k2 (g/mg min) 0.0479
R2 1
S.D. (%) 0.03
Pseudo-second order
model
qe,exp (mg/g) 19.97
CSMA-MO qe,cal (mg/g) 19.99
k2 (g/mg min) 0.047
R2 1
S.D. (%) 0.02
Pseudo-second order
model
qe,exp (mg/g) 19.95
CSMA-MB qe,cal (mg/g) 20
k2 (g/mg min) 0.0491
R2 1
S.D. (%) 0.02
Intra-particle diﬀusion
model
Kp1 (mg/g min
1/2) 0.7036
CSMA-M Kp2 (mg/g min
1/2) 0.0953
C1 15.683
C2 18.888
(R1)
2 0.9869
(R2)2 0.9997
CSMA-MO Kp1 (mg/g min
1/2) 0.6922
Kp2 (mg/g min
1/2) 0.0892
C1 16.225
C2 17.999
(R1)
2 0.9859
(R2)2 1
CSMA-MB
Kp1 (mg/g min
1/2) 0.6912
Kp2 (mg/g min
1/2) 0.0883
C1 16.135
C2 18.011
(R1)
2 0.9959
(R2)2 1
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proved that the kd values were approximately high in the cases
of Copper (II) ions, so the prepared chelating resins were good
candidates for the removal of Copper ions from aqueous solu-
tions at pH = 6.
x ¼ Mass of the wet resinMass of the dry resin
Mass of the dry resin
ð6Þ3.4. Kinetic study
For the kinetic studies, the resin (0.05 g) with 50 mL samples at
the initial concentration of Copper ion (Co) of 50 mg/L was
agitated in a 100 mL beaker. The removal rate of Copper ions
was investigated by measurement of Copper ion concentra-
tions after predetermined time intervals by AAS method.
The amount of adsorbed Copper ion at time t, qt (mg/g),
was calculated by the following equation:
qt ¼
ðCo  CtÞV
m
ð7Þ
where the Ct is the concentration of Copper ions in solution at
speciﬁed time (mg/L).
3.5. Adsorption kinetic
The kinetic investigations are important for the adsorption
studies because it can predict the rate at which a Copper ion
is removed from aqueous solutions and provides valuable data
for understanding the mechanism of adsorption reactions.
Three known kinetic models are used to investigate the adsorp-
tion mechanism [50].
3.6. Pseudo-first-order kinetic
Lagergren showed that the absorption rate of ions on the
adsorbent is based on the adsorption capacity. It followed a
pseudo-ﬁrst-order equation which is often used for estimating
k1 considered as mass transfer coefﬁcient in the design calcula-
tions. The non-linear form of the pseudo-ﬁrst-order equation is
described by Eq. (8):
dqt
dt
¼ k1ðqe  qtÞ ð8Þ
Eq. (8) can be expressed in linear form:
logðqe  qtÞ ¼ log qt 
k1
2:303
t ð9Þ
where qe and qt are the amounts of Copper ions adsorbed (mg/
g) at equilibrium and at time t (min), respectively, and k1 (1/
min) is the rate constant of ﬁrst-order adsorption. Values of
k1 are calculated from the plots of log (qe  qt) versus t (see
Fig. 6) for sample Cu2+ ions. The obtained R2 values are rel-
atively small and the experimental qe values do not agree with
the calculated values obtained from the linear plots. The data
are listed in Table 8.
3.7. Pseudo-second-order kinetic
Ho developed a pseudo-second order kinetic expression for the
absorption system of divalent metal ions using the sphagnumeous solutions using polymer derivations of poly (styrene-alt-maleic anhydride),
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Figure 8 Intra-particle diffusion plot for adsorption of Copper
(II) ions with SMA–M (A), SMA–MO (B), and SMA–MB (C) (by
Figure 6 Pseudo-ﬁrst-order plot with AAS for Cu (II) ions.
Removal of Copper ions from aqueous solutions 13moss peat. This model has since been widely applied to a num-
ber of metal/adsorbent adsorption systems. The adsorption of
Copper (II) ions onto the chelating resin at a short time scale
may involve chemical adsorption which implies the strong elec-
trostatic interaction between the negatively charged surface
and this metal ion. The second-order kinetics equation is
described in the following form:
dqt
dt
¼ k2ðqe  qtÞ2 ð10Þ
Eq. (8) can be expressed in linear form:
1
qt
¼ 1
k2q2e
þ 1
qe
t ð11Þ
where k2 (g/mg min) is the rate constant of second-order
absorption. The activation energy of absorption can be evalu-
ated with the pseudo-second-order rate constants. The linear
plot of t/qt versus t is shown in Fig. 7 and the obtained R
2 val-
ues are 1 for Copper (II) ions. It also shows a good agreement
between the experimental and the calculated qe values
(Table 8), indicating the applicability of this model to describe
the adsorption process of Copper (II) ions onto the CSMA-M,
CSMA-MO and CSMA-MB.
3.8. Intra-particle diffusion kinetic
As the above two kinetic models were not able to explain the
diffusion mechanism, thus the kinetic model of intra-particle
diffusion based on the theory or equation proposed by Weber
and Morris is tested. It is an empirically functional relation-
ship, common to the most absorption processes. The adsorbate
uptake varies almost proportionally with t1/2 rather than with
the contact time t.Figure 7 Pseudo-second-order plot AAS for Copper (II) ions.
AAS).
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qt ¼ kpit1=2 þ Ci ð12Þ
where kpi is the rate parameter of i stage (mg/g h1/2),
calculated from the slope of the straight line of qt versus t
1/2.
Ci is the intercept of i stage, giving an idea about the thickness
of the boundary layer, that is, the larger the intercept, the
greater the boundary layer effect. For intra-particle diffusion,
qt versus t
1/2 will be linear and if the plot passes through the
origin, then the rate limiting process is only due to the intra-
particle diffusion. Fig. 8 presents a linear ﬁt of intra-particle
diffusion model for adsorption of Copper (II) ions onto
CSMA-M, CSMA-MO and CSMA-MB. Such types of plots
present multi linearity, indicating that two or more steps takeeous solutions using polymer derivations of poly (styrene-alt-maleic anhydride),
14 N. Samadi et al.place. It can be observed in Fig. 8 that the data points are
related by two straight lines [52,53]. The ﬁrst sharper portion
is attributed to the adsorbate diffusion through the solution
to the external surface of the adsorbent (external diffusion)
and the second portion describes the gradual adsorption stage,
corresponding to the adsorbate diffusion inside the pores of
the adsorbent (intra-particle diffusion).
3.9. Validity of kinetic model
Normalized-standard deviation, S.D. (%), is used to ﬁnd the
most applicable model that could describe the kinetic study
of adsorption of Cu (II) ions on the CSMA-M, CSMA-MO
and CSMA-MB. The normalized standard deviation S.D.
(%) was calculated using the following equation:
S:D:% ¼ 100
X ½ðqe;exp  qe;calÞ=qe;exp2
N 1
( )1=2
ð13Þ
where N is the number of data points, and qe,exp and qe,cal (mg/
g) are the experimental and calculated equilibrium adsorption
capacity values, respectively. The results are summarized in
Table 8. The values of S.D. obtained for the pseudo-ﬁrst-
order kinetic model, which were relatively high as compared
to the S.D. The values are obtained for the kinetic model of
pseudo-second order [54–59]. Based on the highest R2 values
(for all the metal ions R2 = 1) and the lowest S.D. values,
the pseudo-second-order model was the most suitable equation
to describe the adsorption kinetics of Copper (II) ions using
CSMA-M, CSMA-MO and CSMA-MB. This suggested that
the overall rate of the adsorption process was controlled by
chemisorption which involved valence forces through sharing
or exchange of electrons between the adsorbent and adsorbate
[60–66].4. Conclusion
In this study, we synthesized CSMA-M, CSMA-MO, CSMA-
MB resins, which are used for removing Copper (II) ions from
aqueous solutions. We investigated AAS for measuring resid-
ual Copper (II) ions in aqueous solution. These methods are
simple, sensitive, inexpensive and fast. Adsorption of Copper
(II) ions is found to be effective in the pH range of 2–8 by
resins. The removal percentage increases by increasing the
adsorbent dose from 0.5 to 4.0 g/L. The contact time studies
in the adsorption of Copper (II) ions show that the removal
percentage increases with time up to 30–40 min and after this
time it remains constant. Three simpliﬁed kinetic models,
pseudo-ﬁrst-order, pseudo-second-order, and intra-particle
diffusion were tested to investigate the adsorption mechanism.
The pseudo-second-order kinetic model ﬁts very well with the
dynamical adsorption behavior of Copper (II) ions based on
the highest R2 values. The results have shown that the
CSMA-M, CSMA-MO and CSMA-MB are reusable resins
with a good potential for adsorption of metal ions up to 20
cycles by maintaining performance. It can be said that the
CSMA-M, CSMA-MO and CSMA-MB resins have a good
potential for removal of toxic metal ions such as Copper (II)
ions from aqueous solutions. Using these resins for the
removal of toxic metal ions is simple, green, and clean technol-
ogy method and has an approximately high efﬁciency andPlease cite this article in press as: N. Samadi et al., Removal of Copper ions from aqu
Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.05.010maybe can provide a strategic approach to remove heavy metal
ions from industrial sewage.
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